Asymmetric cell division is a widespread mechanism in developing tissues that leads to the generation of cell diversity. In the embryonic central nervous system of Drosophila melanogaster, secondary precursor cells-ganglion mother cells (GMCs)-divide and produce postmitotic neurons that take on different cell fates. In this study, we show that binary fate decision of two pairs of sibling neurons is accomplished through the interplay of Notch (N) signaling and the intrinsic fate determinant Numb. We show that GMCs have apical-basal polarity and Numb localization and the orientation of division are coordinated to segregate Numb to only one sibling cell. The correct positioning of Numb and the proper orientation of division require Inscuteable (Insc). Loss of insc results in the generation of equivalent sibling cells. Our results provide evidence that sibling neuron fate decision is nonstochastic and normally depends on the presence of Numb in one of the two siblings. Moreover, our data suggest that the fate of some sibling neurons may be regulated by signals that do not require lateral interaction between the sibling cells.
The generation of cellular diversity in a variety of developing contexts requires the specification of asymmetric sibling cell fates (Horvitz and Herskowitz 1992; Posakony 1994; Chenn and McConnell 1995) . The embryonic central nervous system (CNS) of Drosophila melanogaster is segmented and bilaterally symmetric. Each hemisegment contains ∼300 neurons (Bossing et al. 1996) and 30 glia (Ito et al. 1995 ) that derive from ∼30 stem cell-like progenitor cells called neuroblast/glioblasts (NB/GB). NBs undergo repeated asymmetric divisions with the mitotic spindle oriented perpendicular to the apical surface of the embryo. Each division yields a NB and a secondary precursor cell-the ganglion mother cell (GMC). GMCs divide once into pairs of postmitotic sibling neurons (and/or glia), which often take on different cell fates. Dividing NBs exhibit an apical-basal polarity that is reflected in the exclusive positioning of the cell fate determinants such as Numb (Uemura et al. 1989) and Prospero (Pros) (Doe et al. 1991; Vaessin et al. 1991; Matsuzaki et al. 1992) at the basal cortex. The asymmetric division of NBs (horizontal cleavage plane) results in the segregation of Numb (Rhyu et al. 1994; and Pros (Hirata et al. 1995; Knoblich et al. 1995; into GMCs. Recently, a proteinInscuteable (Insc)-has been identified (Kraut and Campos-Ortega 1996) that acts as an organizer of asymmetry in NBs with respect to spindle orientation as well as protein and RNA localization Li et al. 1997) . Consistent with the notion that insc functions in establishing polarity for the NB asymmetric cell division, the Insc protein itself is localized to the apical cell cortex prior to mitosis. Moreover, loss of insc function causes the basal cortical localization of Numb and Pros to become randomized and prevents the mitotic spindle from becoming correctly oriented. In the absense of Insc, several embryonic CNS neurons can be duplicated, suggesting that the mechanisms that govern binary sibling fate determination may be perturbed (Kraut and Campos-Ortega 1996; Knirr et al. 1997) .
Studies on asymmetric sibling cell-fate choice in the embryonic CNS have been limited so far to the MP2 lineage. The MP2 precursor delaminates from the neu-roectoderm and is morphologically identical to neuroblasts. In contrast to neuroblasts, MP2 divides only once to produce two post-mitotic neurons with distinct identities: The slightly larger dMP2 neuron and the smaller vMP2 neuron. Spana and Doe (1996) have shown that the acquisition of the proper cell fates requires the combined action of extrinsic and intrinsic cues. The MP2 precursor divides asymmetrically with respect to the segregation of Numb protein into the prospective dMP2 cell. Loss of numb function results in the duplication of vMP2 at the expense of dMP2, indicating that the function of numb within the MP2 lineage is to act as an intrinsic fate determinant . In addition to Numb, several proteins that have been shown previously to act in cell signaling are required for the proper fate choice of the MP2 progeny: Loss of the transmembrane receptor Notch (N) (Artavanis-Tsakonas et al. 1995) or its ligand Delta causes both MP2 progeny to adopt the dMP2 fate, a phenotype that is opposite to that of numb mutations.
The interplay of N-mediated cell signaling and the intrinsic fate determinant Numb has been studied extensively in the process of binary cell fate choice in the external sensory (es) organ (Uemura et al. 1989; Rhyu et al. 1994 ; for review, see Jan and Jan 1995; Knoblich et al. 1995; Campos-Ortega 1996; Guo et al. 1996) . Each es organ is derived from a single precursor cell (SOP) that undergoes two rounds of asymmetric cell divisions to generate four cells with distinct identities. The first SOP division gives rise to the intermediate precursor cells pIIa and pIIb. The acquisition of the correct cell fates is dependent on the asymmetric segregation of Numb into pIIb: Loss of Numb function results in the duplication of pIIa at the expense of pIIb. Conversely, mutations in components of the N signaling pathway (N, Delta, and Suppressor of Hairless) cause the two daughter cells to adopt the fate of pIIb. Accordingly, proper cell fate specification of the daughter cells of pIIa and pIIb is regulated through the interaction of Numb and N signaling.
The effects of N and numb single and double mutations on the SOP and MP2 lineages has led to the following model for binary cell fate determination: Productive N signaling is required in one of the sibling cells to prevent it from adopting the primary (default) fate. In the other sibling, N signaling is aborted by the interaction of the receptor with Numb, thereby enabling the cell to adopt the primary fate Spana and Doe 1996) . This model is corroborated by the observation that the Numb protein can interact directly with N (Guo et al. 1996) . This model implies that the prospective fate of sibling cells is predetermined by the asymmetric localization of Numb during mitosis of the respective progenitor cell. It has been postulated that in the absence of numb, the realization of asymmetric sibling fates can still be accomplished solely through N signaling (e.g., Jan and Jan 1995) . In this context, N signaling itself would be the source of asymmetry: Reciprocal signaling of initially equivalent strength could result in irreversible asymmetry when small, randomly occuring differences are amplified by intercellular feed-back loops. Because each cell has a 50:50 probability of adopting either fate, the outcome of this process would be stochastic and unbiased (N signaling is reviewed by Artavanis-Tsakonas et al. 1995) .
With the exception of the progeny of MP2, the issue of sibling neuron fate determination in the embryonic CNS has not been addressed experimentally. In contrast to the MP2 neurons that derive directly from a neuroblast-like cell, the vast majority of neurons derive from intermediate precursor cells-the GMCs. N and Numb are widely expressed at the time when cell fate decisions take place and may interact to specify the fate of the GMC progeny in a process analogous to that of fate specification within the SOP and MP2 lineages. However, the results of laser ablation experiments in the closely related grasshopper suggest that lateral signaling is required to resolve fate specification of at least one pair of sibling neurons in a stochastic and unbiased manner (Kuwada and Goodman 1985) . Moreover, mutant alleles of numb that are associated with extensive fate transformations within the SOP and MP2 lineages do not affect the fate of a group of identified sibling neurons .
In this study we have analyzed the effect of insc-mediated asymmetry on sibling neuron fate determination. We show that the immediate precursors of postmitotic neurons-the GMCs-possess the same apical-basal polarity that is exhibited by NBs. GMCs divide in an asymmetric manner to generate pairs of sibling neurons that are intrinsically different. The organization of asymmetry in dividing GMCs requires the function of Insc protein. The asymmetric division of GMCs leads to the exclusive segregation of Numb protein into one of the sibling neurons. Loss of Insc randomizes this distribution and results in the generation of equivalent sibling neurons. We have analyzed the role of Numb as a potential cell fate determinant using two newly identified alleles. Our results indicate that strong alleles of numb cause a failure to resolve sibling neuron fates. In addition, we found that loss of function of N as well as newly isolated (weak) alleles of mastermind (mam) (Smoller et al. 1990 )-a putative downstream effector of N signaling (Fortini and Artavanis-Tsakonas 1994) -cause cell fate transformations that are opposite to those of numb lossof-function mutants. We conclude that binary cell fate specification of sibling neurons is nonstochastic and is accomplished through the interplay of N-mediated signaling and Insc-dependent asymmetric segregation of Numb; moreover, under conditions in which numb is limiting and/or in the absence of asymmetric segregation of Numb, extrinsic cues mediated by N are insufficient to resolve distinct cell fates for the GMC derived neuronal sibling pairs. Finally, our data suggest that the extrinsic signals regulating the fate of sibling neurons do not require lateral interaction between the sibling cells.
Results

An inherent size difference in sibling neurons RP2 and RP2sib
To analyze the roles of insc, numb, and components of the N-signaling pathway in fate specification, we have focused on the only two pairs of GMC-derived neurons for which sibling relationships have been established: the RP2/RP2sib and the aCC/pCC neurons (Fig. 1A) . These neurons are derived from two GMCs that can be identified unambigously by their specific expression of the nuclear protein Even-skipped (Eve) (Frasch et al. 1987; Doe 1992; Patel et al. 1994 ). GMC1-1a divides into the aCC/pCC neurons that have approximately equal size and continue to express Eve. However, at later stages of development, aCC is distinguished from pCC by the expression of Zfh-1 (a putative transcription factor; Lai et al. 1991; see Figs. 1A and 3A, below) and 22C10 (a membrane associated antigen; Fujita et al. 1988) . aCC is a motoneuron and forms an ipsilateral projection that pioneers the intersegmental nerve (Fig. 3B,  below) . GMC4-2a divides to form the sibling neurons RP2/RP2sib that are morphologically distinguishable: In 88% of the hemisegments, the newborn siblings show a significant difference in the size of their nuclei and cell bodies ( Fig. 2A ; Table 1 ). This asymmetry appears to be initiated during cell division: In GA1019 mutant embryos in which GMC4-2a fails to complete cytokinesis (M. Buescher, unpubl.; see Materials and Methods), cells are formed that contain one large and one small nucleus ( Fig. 2C ; Table 1 ). This strongly suggests that the difference in size is generated early, prior to the completion of cytokinesis. (For the possible significance of the size dif- ference, see Discussion, second to last paragraph). The larger cell always adopts the RP2 fate that is characterized by the expression of Eve, Zfh-1 (Figs. 1A and 3A) , and 22C10. RP2 forms an antero-ipsilateral projection (Fig.3B) . The smaller sibling always adopts the RP2sib fate, which is characterized by a further decrease in cell and nuclear size and the loss of Eve immunreactivity. Zfh-1 and 22C10 expression have not been shown in RP2sib. These observations suggest that the cell and nuclear size difference may serve as an early physical marker that will allow us to differentiate between the two progeny of GMC4-2a irrespective of the molecular markers they express later.
Mutations in components of the Notch signaling pathway are associated with sibling cell-fate transformations
From a collection of second chromosome lethal mutations (Seeger et al. 1993 ; see Materials and Methods). In addition to a general, mild hypertrophy in the CNS, these alleles were found to be associated with specific sibling cell-fate transformations. For a detailed analysis, we chose the weakest of these alleles, mam
C242
. Frequently, we observed two neurons in the aCC/pCC position that both display a combination of marker gene expression characteristic for the aCC but not the pCC fate (Fig. 1B) . Moreover, in mam C242 mutant embryos, both progeny of GMC4-2a can adopt the RP2 fate with respect to Eve, Zfh-1 (Fig.  1B) , and 22C10 (data not shown) expression. However, despite this apparent change of the RP2sib to the RP2 cell fate, the unequal size of the GMC4-2a daughter cells remains unaffected (Fig. 1B) . It is interesting to note that in mam C242 mutant embryos, the number of Eve-expressing CQ neurons is strongly reduced (see below and Discussion).
These results show that mam is required for the correct fate specification of RP2sib and pCC but not for that of RP2 and aCC. The requirement for mam suggests that N signaling may be involved in the resolution of distinct sibling neuron cell fate. We analyzed the CNS phenotype of a temperature-sensitive allele of N (N ts1 ; Shellenbarger and Mohler 1975) . When N ts1 embryos were allowed to develop at the permissive temperature (18°C), aCC/pCC and RP2/RP2sib cell fates were found to be correctly resolved (data not shown). In contrast, embryos that were shifted to the nonpermissive temperature (29°C) 2-4 hr after egg lay displayed sibling cell-fate transformations in addition to a general hypertrophy (Fig. 1C, D) . Specifically, we observed pCC to aCC and RP2sib to RP2 cell fate transformations as judged by marker gene expression ( Fig. 1C ) and axon trajectory (Fig. 1D) . Moreover, as in mam mutant embryos, the size difference of the two GMC4-2a progeny was found to be unaltered. These data show that mutations in mam and N result in similar defects and support the notion that N signaling is required for the resolution of sibling neuron fate. Similar conclusions have been reached independently for the CNS (Skeath and Doe 1998) and PNS (Dye et al. 1998) .
Mutations in mam, sanpodo, and Notch equalize aspects of sibling cell fate but retain the difference in cell and nuclear size of sibling neurons
Recently, a novel gene has been identified that is required for the correct cell-fate choice of RP2 and RP2sib. sanpodo (spdo) encodes a Drosophila tropomodulin, which is an actin-tropomyosin binding protein (Salzberg et al. 1994; Dye et al. 1998) . Loss of spdo has been shown to equalize the fate of PNS sibling cells. Many pairs of cells take on a neuronal identity instead of a neuronal and ectodermal/glia identity in the PNS (Dye et al. 1998) . Moreover, in the embryonic CNS, loss of spdo is associated with several sibling neuron fate transformations (Skeath and Doe 1998) . In the absence of spdo (spdo zz27 ) function, the fate of RP2sib is transformed to that of RP2 with respect to marker gene expression; however, the difference in nuclear and cell size is retained ( Fig. 2C ; Table 1 ). It is important to note that in this mutant, the GMC4-2a identity does not appear to be altered-it is born at the right time, expresses normal levels of Eve and Pdm-1 (Yeo et al. 1995) , and, in addition, divides to produce neurons (RP2/RP2sib or RP2/RP2) that are normally produced by the wild-type GMC4-2a. These results suggest that mam, spdo, and N play a role in fate determination at the level of the postmitotic sibling neurons but affect neither GMC4-2a identity nor the asymmetry of the GMC4-2a division (see below). . Note that both GMC1-1a and GMC4-2a progeny coexpress Eve and Zfh-1 (yellow in C) and form an ipsilateral axon projection (D).
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Loss of insc function equalizes sibling neuron fate as well as cell and nuclear size
For this study, we used the insc 22 allele (Knirr et al. 1997) , which represents an EMS-induced premature translational termination mutation near the amino terminus of the insc coding region (M. Zavortink, unpubl.). insc 22 homozygous embryos do not produce detectable amounts of Insc protein in the embryonic nervous system as judged by immunofluorescence (data not shown). With respect to NB cell division, insc 22 mutant embryos exhibit defects in Pros localization as well as mitotic spindle orientation (M. Zavortink, unpubl.) similar to those described previously for insc alleles P49 and P72, which are multigenic deletions that remove other genes besides insc (Kraut and Campos-Ortega 1996; Knirr et al. 1997) .
In insc 22 mutant embryos, GMC1-1a and GMC4-2a are correctly formed and express normal levels of Eve (and in the case of GMC4-2a, also Pdm-1) (data not shown). However, GMC1-1a divides to form two sibling neurons that both adopt the aCC fate (94%) with respect to marker gene expression (Fig. 3C) . Similarly, GMC4-2a division results in two sibling cells, both of which adopt the RP2 fate (96%) with respect to expression of Eve, Zfh-1 (Fig. 3C) , and 22C10 as well as axon morphology (Fig. 3D ). This strongly suggests that in wild-type embryos, the divisions of GMC1-1a and GMC4-2a are asymmetric in an insc-dependent manner and produce sibling cells that are intrinsically different (see below); loss of insc function leads to the generation of sibling neurons with equivalent cellular identities.
Moreover, in contrast to mam, spdo, and N mutant embryos, the duplicated RP2s seen in insc 22 are equal with respect to their cell and nuclear size ( Fig. 2B,C ; Table 1 ). These observations are consistent with the idea that the size difference seen in wild-type embryos is generated by an insc-dependent process during the GMC cell division and occurs prior to the events mediated by mam, spdo, and N that presumably act at the level of the postmitotic sibling cells. If this interpretation is correct, no size asymmetry between the sibling neurons should be generated in an insc background regardless of whether the other functions (e.g., spdo) are present or not. To test this, we constructed an insc 22 ; spdo zz27 double mutant. In the double mutant embryos stained with anti-Eve, we observed that 89% of GMC4-2a progeny have equal size, indicating that with respect to this morphological trait, the insc 22 phenotype (equal sibling size) predominates over those of spdo (unequal sibling size) (Fig. 2C , Table  1 ). These findings are consistent with the idea that Insc acts to impose size asymmetry on GMC4-2a cell division, whereas the other gene products like Spdo, N, and Mam act later in sibling cell-fate choice. To date, insc is the only gene known to effect both asymmetric fate choice and unequal cell/nuclear size of RP2/RP2sib.
GMCs divide asymmetrically with Insc localized as apical and Numb as basal crescents
Staining of wild-type embryos with anti-Insc antibody revealed that Insc is expressed in many, and possibly all, GMCs. During interphase, Insc protein is found cortically (n = 11; data not shown). In dividing GMCs, antiInsc immunoreactivity is always seen as an apical/near apical crescent with respect to the surface of the embryo (n = 78). Figure 4A depicts the apical localization of Insc in metaphase GMCs. Figure 4B ,C shows the apical localization of Insc protein specifically in GMC4-2a and GMC1-1a. These observations suggest that GMCs possess apical-basal polarity and that their division may be asymmetric in an insc-dependent manner.
If the asymmetry of GMC division leads to the generation of pairs of sibling cells that are nonequivalent, then which are the cell fate determinants that are segregated differentially? One such candidate is Numb: It is widely expressed in the developing CNS and has been shown to act as an intrinsic fate determinant in the SOP and MP2 lineages (Rhyu et al. 1994; Spana and Doe 1996) . Moreover, asymmetric Numb localization has been shown to be Insc-dependent in NBs . To analyze if Numb is asymmetrically localized in GMC1-1a and GMC4-2a in an Insc-dependent manner, we stained wild-type and insc 22 embryos with antiNumb, anti-Eve, and DNA stain (Fig. 5A-H) . In wildtype embryos, Numb always forms a crescent at or near the basal cortex of dividing GMCs (n = 80), whereas in insc 22 mutant embryos, crescents are either not formed (72%) or appear in basal (20%) and occasionally in lateral or apical positions (8%) (n = 54).
Although it is difficult to directly visualize the orien- tation of the mitotic spindle in GMCs, the positioning of the metaphase plate in wild-type strongly suggests a perpendicular orientation with respect to the apical surface of the embryo (n = 12 for GMC1-1a and GMC4-2a) (Fig.  5E ). Consistent with a horizontally placed cleavage plane, we always observe the newborn RP2/RP2sib cells oriented perpendicular or nearly perpendicular to the apical surface with the larger cell located in the more dorsal (basal) position (n = 114) ( Fig. 2A) . We conclude that during GMC4-2a division, Numb will be segregated predominantly or exclusively to the future RP2 neuron (we cannot predict which of the GMC1-1a progeny will inherit Numb, because the size difference between aCC and pCC is too small to serve as an unambigous marker). In addition, we frequently observed that the orientation of metaphase plate in dividing GMCs other than GMC4-2a is also horizontal with respect to the apical surface (n = 34, in random GMCs) (Figs. 4A and 5I), indicating that the division of many, possibly all, GMCs is stereotyped in the same manner as NB divisions. Consistent with its function in NBs, loss of insc alters the orientation of GMC division (Fig. 5G ,H,J): In 74% of the samples (n = 38) the metaphase plate is oriented perpendicular or close to perpendicular to the apical surface. Accordingly, the newborn RP2/RP2sib are frequently oriented horizontally with respect to the apical surface (see Fig. 2B ). Taken together, our results indicate that the apical-basal polarity, which is found in NBs is maintained in their daughter cells, the GMCs, and that Numb localization as well as spindle orientation are coordinated to ensure asymmetric segregation of Numb into one sibling only. So far, insc appears to be the only gene that is required for the apical-basal polarity of GMCs:
The analysis of mam, spdo, and N mutant embryos revealed that none of these mutations alter the plane of GMC division (data not shown). This observation is in agreement with the notion that these genes act later than insc in sibling neuron fate determination (see above).
insc acts through numb to effect asymmetric sibling cell fate
The sibling cell-fate changes that are found in insc 22 mutant embryos coincide with the mislocalization of numb in the corresponding GMCs. To address the question of whether incorrect localization/segregation of Numb may be the cause for the observed cell fate changes, we analyzed the phenotype of two previously described alleles of numb, nb 1 and nb 3 , as well as two novel alleles, Table 2 ). Detailed analysis revealed that Eve-expressing GMC4-2a(s) were properly formed and their division produced two sibling cells of unequal size (not shown). However, Eve immunoreactivity was gradually lost in both progeny (Fig. 6G) and Zfh-1 expression was not initiated in either cell (data not shown) suggesting that both siblings adopt the fate of RP2sib.
These results indicate that asymmetrically segregated Numb is an important component of RP2/RP2sib fate specification and loss or reduction of numb function causes a phenotype that is opposite to that of mam, spdo, and N mutations. Consistent with this idea is the observation that the number of Eve-positive CQ neurons is increased in nb 796 embryos (mam C242 is associated with a loss of Eve-positive CQ neurons; see above). The aCC/ pCC fate could not be determined because these neurons cannot be identified because of the increase in CQ neurons.
The rather low penetrance of the numb phenotype has prompted us to determine the relative strength of the various alleles by analyzing their phenotype in hemizygosity with the corresponding deficiency. On the basis of our results (see Table 2 ) we conclude first, the phenotypes of nb 2758 and nb 796 are most probably the result of lesions in the numb gene alone and not the result of interactions with potential second site mutations (see also (Table 2) . To date, none of the numb alleles described appear to be amorphic with respect to their CNS cell fate phenotype. However, the phenotype of homozygous deficiency-Df(2L)30A-Cembryos is quite informative. Despite some pleiotrophic morphological defects, most Eve-expressing neurons can be identified unambigously. We observed a loss of RP2 from 83% of the hemisegments. In those hemisegments in which RP2/RP2sib fate is correctly resolved (17% of all hemisegments), we found that the larger cell always adopts the RP2 fate, whereas the smaller cell differentiates into RP2sib. This suggests that even in the absence of all zygotic numb, RP2/RP2sib cell fates are not resolved via a stochastic mechanism because we never see the cell with the smaller nucleus adopting the RP2 fate. These results prompted us to further analyze the role of numb in cell fate specification in a situation in which equivalent sibling cells are generated. This situation appears to exist in insc mutant embryos and, therefore, we made the double mutant insc 22 nb 1 . Staining with antiEve revealed a near complete loss of Eve-positive cells in the RP2 position (98% loss; this is a conservative estimate because in the 2% of the hemisegments in which an Eve + cell can be seen at or near the RP2 position, we cannot rule out that this cell might be a misplaced CQ neuron) (Fig. 7D,E ). This is a dramatic effect because nb 796 homozygotes show only a moderate loss of RP2 (27% loss) and insc 22 homozygotes show RP2 duplication at close to complete expressivity (96% duplication) (Fig. 7B,C) . Yet, the double mutant exhibits a phenotype that is stronger than that seen for the strongest numb allele, for example, embryos homozygous for the numb deficiency. Our data show that in a situation in which equivalent sibling cells are generated, cell fate specification is largely dependent on numb function. A possible rationalization of the double-mutant phenotype is that nb 796 produces sufficient function to resolve RP2/ RP2sib fate most of the time; however, in the double mutant, numb function is diluted in the cell destined to become RP2 because in the absence of insc, the residual Numb is distributed to both sibling neurons rather than just one cell. As a consequence, RP2 cell fate is almost never realized. These results are consistent with and support the notion that numb acts downstream of insc.
In the absence of cell division, GMC4-2a differentiation is dependent on Numb
Our results suggest that asymmetric cell fate determination is resolved through the interplay of cell signaling mediated by N and at least one intrinsic fate determinant, Numb. In the absence of cell signaling, both progeny adopt the RP2 fate, indicating that the realization of the RP2sib fate requires cell signaling. This raises the question as to which cells provide the signal source. The signal source could reside strictly within the lineage and thus would require both GMC4-2a progeny to realize RP2sib fate (lateral signaling). Alternatively, the signal source could lie outside the lineage, and RP2sib fate realization can occur even in the absence of its sibling (inductive signaling). To distinguish between these possibilities, we analyzed the fate of GMC4-2a in the cell division mutant line GA339. In GA339 mutant embryos, each hemisegment contains an Eve-positive cell at the RP2 position (Fig. 8A) . Moreover, these cells coexpress Zfh-1 (Fig. 8B ) and 22C10 and, in addition, can exhibit an axon with an ipsilateral projection like the wild-type RP2 (Fig. 8C) . The NB4-2 cell division producing GMC4-2a appears not to be affected. However, detailed analysis of stage 11/12 embryos revealed that only 47% of GA339 double stained with rabbit anti-Eve (red) and mouse anti-Zfh-1 (green). Note that the undivided GMC4-2a expresses Zfh-1, a marker gene, which in wild-type embryos is not expressed in GMC4-2a but only the mature RP2 neuron. (C) GA339 double stained with rabbit anti-Eve (red) and mouse mAb 22C10 (green). Note that the undivided GMC4-2a forms an ipsilateral axon projection characteristic for the RP2 neuron. 
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Cold Spring Harbor Laboratory Press on August 27, 2017 -Published by genesdev.cshlp.org Downloaded from GMC4-2a undergo cell division, whereas 53% of the GMC4-2a remain undivided (n = 153). We conclude that in the absence of cell divison, GMC4-2a adopts RP2 fate. The observation that GMC4-2a can adopt an RP2-like identity is not a peculiarity of GA339 because we have observed a similar GMC4-2a to RP2-like transformation in alleles of cyclin A (data not shown). These observations are in agreement with our conclusion that the sibling cell that inherits Numb will differentiate into RP2 (see above).
To analyze if the reduction of Numb function can alter the differentiation program of GMC4-2a, we examined the phenotype of the double-mutant nb 796 GA339. We observed that a loss of Eve-positive cells from the RP2 position occurs with similar frequency in nb 796 and nb 796 GA339 mutant embryos (27% and 32%, respectively) (Fig. 8D) . These data suggest that RP2sib fate realization occurs regardless of whether GMC4-2a divides or not. Our results do not exclude that lateral signaling can occur in wild-type embryos. However, in a situation in which no partner cell for lateral signaling is generated, signaling from outside the sublineage is sufficient for RP2sib fate realization.
Discussion
In this study we have analyzed how insc affects asymmetric fate specification of the sibling neuron pairs RP2/ RP2sib and aCC/pCC. We show that cell-fate specification is accomplished through the interplay of the N signaling pathway and the intrinsic determinant Numb; the immediate precursor cells of neurons-the GMCs-exhibit the same apical-basal polarity that is seen in NBs and Numb localization as well as spindle orientation are coordinated in a stereotyped manner that ensures that Numb is segregated into the more dorsally located sibling. The correct positioning of Numb and the proper orientation of the cleavage plane require the function of insc. Therefore, Insc acts on asymmetric fate specification by making sibling cells intrinsically different. In addition, we demonstrate that sibling neuron fate specification is nonstochastic both in wild-type and under conditions in which numb function is limiting.
Binary fate decision of the GMC4-2a progeny is a deterministic process
GMC4-2a divides into a larger and a smaller daughter cell that differentiate into distinct neurons: The larger cells always adopt the RP2 fate, whereas the smaller cells will become RP2sib. The specification of RP2 appears not to require N-signaling because mutations in N and mam do not interfere with RP2 formation. Thus, RP2 can be considered the primary (default) fate. The realization of the RP2 fate does require the presence of numb because a reduction of numb activity or removal of the numb gene results in an apparent RP2 to RP2sib fate transformation. This conclusion is consistent with the observation that during GMC4-2a division, Numb is segregated into the more dorsal, larger sibling cell. Moreover, in GA339 (and alleles of cyclin A) mutant embryos in which GMC4-2a fails to undergo division and therefore retains Numb protein, the undivided GMC4-2a differentiates into a RP2-like cell as assessed by marker gene expression and axon morphology. In light of these results, the phenotype of insc mutants can be rationalized as follows: In insc mutant embryos, Numb localization and spindle orientation are not coordinated and, therefore, GMC4-2a division will result in two Numbcontaining progeny, both of which will differentiate into RP2.
It has been suggested that asymmetric cell-fate specification in the SOP lineage is accomplished through lateral cell signaling and asymmetrically segregated Numb serves to impose a bias on the outcome of binary fate decision . These models propose that in the absence of Numb, asymmetric cell fates can still be realized; albeit the outcome will be stochastic and unbiased. With respect to the GMC4-2a/RP2/RP2sib lineage, our data suggest that RP2-fate specification is fully deterministic and cannot be resolved solely by lateral signaling. First, if fate specification could be resolved by lateral signaling alone when numb is limiting [nb 796 and nb 796 /Df(2L)30A-C], both the smaller and the larger sibling cell should have the capacity to adopt the RP2 fate. We always observed that the larger cell adopts the RP2 fate (we never see the smaller cell adopting the RP2 fate), indicating that the fate decision is nonstochastic. Second, when equivalent GMC4-2a daughter cells are generated (in insc mutant background), fate specification is solely dependent on the amount of Numb activity (insc :>98% RP2 to RP2sib transformation). Because no significant numbers of RP2 are generated in insc 22 nb 796 mutant embryos, RP2 fate realization appears not to occur via a stochastic process. However, the requirement for Numb as an intrinsic determinant for RP2 fate does not exclude that additional factors might aid the realization of the RP2 fate. In the total absence of zygotic Numb, RP2 is formed in 17% of the hemisegments. We conclude that at least some of the GMC4-2a progeny remain intrinsically different [Df(2L)30A-C mutant embryos]. At present, we do not know if the additional intrinsic determinant(s) is maternally provided Numb and/ or factors (protein or mRNA) that are unrelated to Numb. We do not think that N itself or any downstream effectors of N signaling are asymmetrically segregated: A reduction of numb function is sufficient to cause RP2 to RP2sib fate transformation (on the basis of marker expression) indicating that both GMC4-2a progeny have inherited the potential to respond to cell signaling. Consistent with this conclusion is our observation that Mam is present in both siblings of the respective neuron pairs (data not shown).
Our experiments with the cell division mutant GA339 suggest that the signal source can originate outside the RP2/RP2sib lineage. This is in agreement with the observation that the correct fate specification of the vMP2 and dMP2 neurons in culture requires the presence of high cell density (Spana and Doe 1996) . Moreover, in
GA339 nb
796 double-mutant embryos and nb 796 mutant embryos, RP2 to RP2sib fate transformations occur with similar frequencies, indicating that the competence to respond to N signaling does not require cytokinesis but is already present in the GMC. However, a recent study on sensory organ development based on clonal analysis indicates that signaling between sibling cells is necessary for the resolution of alternative cell fates (Zeng et al. 1998) . Although there are likely to be differences in the mechanisms of cell fate determination between the CNS and PNS, our results based on cell division defects are indirect and should be interpreted with caution.
Taken together, our data show that asymmetric fate determination in the GMC4-2a lineage involves the same components as fate specification in the MP2 and SOP lineages and may be accomplished through productive (effective) N signaling in one sibling (RP2sib) and inhibited (ineffective) N signaling in the Numb-containing sibling (RP2). Consistent with this notion, we observed that the ectopic expression of N-intra (a constitutively active form of N; Struhl et al. 1993) causes the same RP2 to RP2sib fate transformation as numb loss of function ( Table 2 ), implying that N-intra ectopic expression can override the effects of Numb.
Besides RP2/RP2sib, sibling relationship has only been established for the aCC/pCC neuron pair. aCC/ pCC fate determination has been studied in grasshopper embryos by laser ablation techniques (Kuwada and Goodman 1985) . It was observed that random ablation of one newborn sibling always caused the remaining sibling to adopt the aCC fate. This result can be rationalized if both siblings are equivalent at the time of birth and asymmetric fate choice depends on lateral signaling with a stochastic outcome. In the absence of its partner cell, the remaining sibling will adopt the default fate. Is aCC/ pCC fate resolved through lateral signaling in Drosophila embryos? A prerequisite for aCC/pCC fate determination through a stochastic process would require the equivalence of both siblings at the time of birth. Accordingly, loss of insc function, which results in random distribution of intrinsic fate determinants, should not affect aCC/pCC formation. However, in insc mutant embryos, nearly all GMC1-1a progeny differentiate into aCC, indicating that in wild-type both siblings are intrinsically different in an insc-dependent manner. This is consistent with the observation that Numb is asymmetrically localized in dividing GMC1-1a. Furthermore, aCC appears to be the primary fate because Numb segregation into both siblings-as it occurs in insc mutant embryos-results in pCC to aCC fate transformation. This is corroborated by the observation that nondividing GMC1-1a (as seen in GA339) always differentiate into aCC (data not shown). Although we cannot analyze the fate of aCC and pCC in numb mutant embryos, we conclude that asymmetrically segregated Numb is an important component of aCC/pCC fate specification.
The discrepancy between the results in grasshopper and Drosophila embryos may indicate that sibling fate specification in related species can rely on different mechanisms. Experiments on the ventral uterine and the gonadal anchor cell in different nematode species have demonstrated that fate specification of the same sibling pair shows phylogenetic variations that range from deterministic to stochastic mechanisms (Felix and Sternberg 1996) .
In addition to the aCC/pCC and RP2/RP2sib fate, the fate of the CQ neurons appears to be affected by mutations in mam, insc, and numb. Specifically, mutations in mam and insc lead to a decrease of Eve-expressing CQ neurons. Conversely, numb mutations result in an increase of Eve-positive CQ neurons. In agreement with lineage tracing experiments that have identified NB7-1 as the progenitor of all CQ neurons (Bossing et al. 1996) , we speculate that sibling relationships exist among the CQ neurons and that fate specification is resolved through the same mechanisms as RP2/RP2sib and aCC/ pCC fate.
Our data demonstrate that asymmetric fate specification of the few identified sibling neurons is accomplished through the same deterministic mechanism. Is asymmetric sibling fate specification in the Drosophila embryonic CNS always accomplished through the same mechanism? A definite answer would require more information about sibling relationships of identified neurons (and glia) than is available to date. Our observations that the asymmetric localization of Numb protein at the basal cortex is stereotypically coordinated with the orientation of division in many GMCs (unidentified) suggest that many sibling neurons are born intrinsically different and may differentiate according to the mechanism described above. However, we do not know if asymmetrically segregated Numb always results in a deterministic outcome of binary fate decision or, in some cases, may only serve to impose a bias (probabalistic outcome). Moreover, we cannot exclude that some binary fate decisions may not require numb.
GMCs have apical-basal polarity
In this study we have shown that GMCs exhibit the same apical-basal polarity that is seen in NBs. Specifically, we observed that Insc protein is located at the apical and Numb protein at the basal cortex of dividing GMCs. From the orientation of the metaphase plate and the position of the newborn siblings, we deduce that most, if not all, GMCs divide with the cleavage plane placed horizontally to the apical surface (perpendicular spindle orientation). It is tempting to speculate about the events in the genesis of the GMCs that might provide the cues for their polarization. A possible candidate for the initial asymmetric cue is the position of the previous cell division site that will become the apical part of the GMC, which coincides with the location of the Insc protein crescent. This would imply that GMCs memorize their previous cell-division site in the form of specialized domains in the cortical cytoskeleton. These structures have been shown to serve as asymmetric cues in Saccharomyces cerevisiae budding site selection (for review, see Goenczy and Hyman 1996) . Alternatively, GMCs may be born without an inherent polarity and environmental (extrinsic) cues are required to impose asymmetry on GMCs. At present, we cannot distinguish between these possibilities.
GMC4-2a divides asymmetrically not only with respect to Numb distribution, but also with respect to the morphology of its progeny: In wild-type embryos in 88% of the hemisegments, the newborn sibling neurons are unequal in cell and nuclear size. The smaller cell always adopts the RP2sib fate that is characterized by a further decrease in cell and nuclear size. We speculate that GMC4-2a cytokinesis and cell-fate realization of its progeny do not occur strictly sequentially but are temporally overlapping. Thus, the unequal size of the sibling cells at the time of birth may reflect a partial commitment to their future fates. In this study we describe several mutations that cause RP2sib to RP2 fate transformations with respect to marker gene expression but not with respect to size (mam, spdo, N) . We postulate that in wild-type embryos, the products of these genes are required in the postmitotic neurons for their full commitment and subsequent differentiation. This is consistent with the observation that in loss-of-function mutations the initial physical asymmetry remains unaltered, but a further decrease in cell and nuclear size does not occur. In contrast, insc appears to be the only mutation that equalizes cell/nuclear size and acts prior to mam, spdo, and N. This is in agreement with insc functioning as an organizer of asymmetry in GMCs.
The loss of size asymmetry in insc mutant embryos is not restricted to the RP2/RP2sib lineage but is also observed in muscle progenitor cell divisions. For example, when the muscle progenitor P15 (Carmena et al. 1995) divides, the daughter cells are not equal in size; it is the larger of the two daughter cells that preferentially inherits the Numb that is asymmetrically localized in the dividing muscle progenitor. Similar to the RP2/RP2sib situation, removing insc function appears to equalize the size of the daughter cells derived from the P15 cell division (see Fig. 5 in Carmena et al. 1998) . In contrast, this equalizing effect does not occur in NBs. NB division is highly asymmetric: Each division generates a new NB and a GMC that is several times smaller than the NB. In insc mutants, NBs often bud off GMCs in lateral (rather than basal) positions, but the size asymmetry is retained. At present, we do not understand how size asymmetry is generated during progenitor cell division and if, and how, it might be linked to spindle orientation.
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